Irradiation of pesticinogenic (Pst+) cells of Yersinia pestis with ultraviolet light resulted in a five-to eightfold increase in titer of intracellular pesticin. Extracellular activity in irradiated or control cultures never approached that found within the bacteria. Upon chromatography of crude extracts of Pst+ cells on columns of diethylaminoethyl-cellulose, Sephadex G200, and calcium hydroxyapatite, fractions were recovered which inhibited the growth of indicator cells of Escherichia coli, Y. pseudotuberculosis, Y. enterocolitica, and Pst-Y. pestis. By means of these methods, in conjuntion with fractional precipitation with ammonium sulfate, the antibacterial activity was purified to homogeneity (as judged by disc gel electrophoresis and analysis by double diffusion in agar). The relative sensitivity of each cell type was constant and not affected by the state of purification. These findings indicate that the pesticin molecule alone accounts for lethality. Cells of E. coli and Y. pseudotuberculosis were about 100 and 10 times more sensitive to pesticin, respectively, than were those of Pst-Y. pestis. Activity directed against sensitive cells of these three species was enhanced by 0.1% ethylenediaminetetraacetate (EDTA) and completely inhibited by 0.01 M hemin or 0.001 M Fe3+. The response of Y. enterocolitica to pesticin was variable in the presence of EDTA and was not influenced by Fe3+. Attempts to detect common surface structures responsible for absorption of pesticin by the four cell types were not successful.
With the discovery that colicin E3 catalyzes the cleavage of 16S ribosomal ribonucleic acid molecules in vivo (4) and in vitro (3), interest was renewed in the process whereby this colicin and possibly other bacteriocins gain entrance to the bacterial cell. One system where events associated with absorption and penetration can be subjected to comparative study is that involving pesticin, a bacteriocin produced by wild-type cells of Yersinia pestis (2, 17) . Extracts of pesticinogenic (Pst+) organisms are inhibitory to certain strains of Escherichia coli (8, 27) , Y. pseudotuberculosis (2, 8) , Y. enterocolitica (R. R. Brubaker, Bacteriol. Proc., p. 18, 1966) , and Pst-Y. Pestis (5, 17) . Only serotype I isolates of Y. pseudotuberculosis, known to produce lipopolysaccharide containing paratose (3,6-dideoxy-D-ribohexose) (13) , are sensitive to pesticin (11) . No common sugar in indicator cells of other species. However, sensitive cells of Y. pestis, in addition to being Pst-, are also able to absorb certain exogenous pigments (pgm+) such as hemin (14) or Congo red (28) . The mutation to pgm-in Pst-cells of Y. pestis results in resistance to pesticin (5) . Little is known about the product of pgm or of the possibility that sensitive cells of species other than Y. pestis may express the pigmented phenotype. The activity of pesticin directed against indicator cells of Y. pseudotuberculosis is enhanced by added Ca2+ or chelating agents and inhibited by Fe3+ or hemin (8, 9, 15) . The effect of these reagents on the response of cells of the other indicator species has not been reported.
Mutation of Y. pestis to Pst-resulted in the loss of antibacterial activity directed against sensitive cells of all four indicator species, suggesting that pesticin alone accounts for lethality (8; R. R. Brubaker, Bacteriol. Proc., p. 18, 1966) . Nevertheless, as noted by Reeves (24) , this relationship has not been formally proved, and the possibility remains that Pst+ bacteria can produce additional antibacterial VOL. 112, 1972 molecules of distinct specificity. Mutation to Pst-is known to result in the concomitant loss of genes that regulate the expression of invasive enzymes (7, 10) .
Conflicting reports exist regarding the induction of pesticin. Ben-Gurion and Hertman (2) (8), and E. coli strain CA.42. In certain cases, pesticin was estimated with cells of a second clone of Y. enterocolitica strain P76 (obtained from J. Marshall and termed P76M) and with Y. pestis strains G32 and 2C (the latter provided by R. Ben-Gurion); pesticinsensitive Y. enterocolitica strain 33114 (received from W. Knapp) and E. coli strain 0 were also used to determine the absorption of hemin and Congo red. Colicin E3 was produced by E. coli strain CA.38, which also can produce colicin Ia, and was assayed with a colicin I-resistant mutant of E. coli strain 0. All isolates of E. coli were obtained from P.
Fredericq.
Determination of bacteriocins. Antibacterial activity was assayed by placing 0.01 ml of diluted sample on the surface of petri dishes containing hardened blood agar base (Baltimore Biological Laboratories, Baltimore, Md.). After drying, the plates were exposed to chloroform vapor for 15 min and were then overlayered with 4 ml of the same medium containing 0.01 M CaCl2, 0.1% calcium ethylenediaminetetraacetate (EDTA), and about 106 indicator cells per ml. The plates were then incubated for 18 to 72 hr, depending upon the species of indicator organisms. The number of units of bacteriocin per milliliter was defined as the reciprocal of the highest dilution which produced detectable inhibition of the indicator organisms.
Induction of bacteriocins. Organisms were cultivated on slants of blood agar base, washed once in cold 0.033 M potassium phosphate buffer, pH 7.0 (standard phosphate buffer), and resuspended in standard phosphate buffer at a concentration of 101 per ml. This suspension was divided into two parts, and the first was irradiated with a G30T8 General Electric UV source mounted in a hood (Labconco Corp., Kansas City, Mo.) over a box fitted with an aperture and shutter. Irradiation was accomplished on gently agitated samples of 6 ml, contained in open petri dishes, for sufficient time to reduce viability to 37% of that of the nonirradiated control. This dose corresponded to 500 ergs per cm2 as estimated by comparison of rates of lethality determined for E. coli strain K-12 with those reported in the literature (18) . Irradiated samples were pooled, and 24 ml was added to an equal volume of twofoldconcentrated heart infusion broth (Difco) contained in a 500-ml Erlenmeyer flask. During this process, appropriate precautions were taken to avoid exposure of the irradiated cells to visible light. A 24-ml sample of the nonirradiated control was similarly added to twofold-concentrated heart infusion broth, and the flasks were incubated on a model R-25 shaker (New Brunswick Scientific Co., New Brunswick, N.J.). Cultures of Y. pestis and E. coli were aerated at 26 and 37 C, respectively.
Samples of 5 ml were removed during the logarithmic growth and early stationary phases and, after centrifugation at 48,000 x g for 10 min at 5 C, the supernatant fluid was utilized as a source of extracellular bacteriocin. The sedimented cells were suspended in 5 ml of standard phosphate buffer, placed in an ice bath, and treated for 1 min with an ultrasonic probe (Instrumentation Associates, New York, N.Y.), and the resulting extract was used as a source of intracellular bacteriocin.
Analytical procedures. Eluates obtained from chromatographic columns were routinely monitored at 280 nm with a model UA-2 ultraviolet analyzer (Instrumentation Specialties Co., Inc., Lincoln, Neb.); protein was determined by the method of Lowry et al. (23) . During preparation, the purification of pesticin was followed by disc electrophoresis (14) according to procedures used by Sadoff, Hitchins, and Celikkol (26) . Columns of 7 or 8% acrylamide gel (0.5 by 5.0 cm) were subjected to electrophoresis at 2.5 ma with 0.01 M tris(hydroxymethyl)aminomethane (Tris)-glycine buffer, pH 8.3, where bromophenol blue served as an anionic marker, or with 0.5 M potassium phosphate buffer, pH 4.3. Protein was stained with 1% amido schwarz in 7% acetic acid, and the gels were decolorized by electrophoresis in the same solvent.
Precipitin reactions in agar were performed essentially as described by Lawton, Erdman, and Surgalla (22) . Antiserum was prepared against whole organisms by mixing washed, sonically treated yersiniae, contained in standard phosphate buffer, with an equal volume of complete Freund's adjuvant (Difco). New Zealand White rabbits received a primary injection corresponding to 10 mg of dry cells via the toe pads and, 14 days later, were given a secondary intravenous injection of 3 mg of cells in standard phosphate buffer. A similar intravenous injection was given 1 week later, followed in 14 days by collection of about 50 ml of blood. After storage overnight in the cold, the clot was removed by centrifugation at 5,000 x g for 30 min, and the serum was stored at -20 C.
Lipopolysaccharides were prepared by centrifugation of aqueous phenol extracts of whole cells (30) and were then hydrolyzed in 0.5 M H2SO4 for 4 (Fig. 1C) of 200 ml of a culture containing 5 x 109 cells per ml which had been aerated ovemight in heart infusion broth (Difco) at 26 C in a 2-liter flask.
Subsequent steps, unless stated otherwise, were performed at 5 C; all Tris buffers contained 0.001 M 2-mercaptoethanol. The cells were harvested by centrifugation at 13,000 x g for 30 min, washed in standard phosphate buffer, resuspended in 0.1 M Tris-chloride buffer, pH 7.8, and disrupted by treatment for 2 min with the ultrasonic probe. After centrifugation, the supernatant solution was removed, and the sedimented cellular debris was suspended in an original volume of the same buffer. The resulting suspension was centrifuged again, the cellular debris was discarded, and the supernatant fractions were pooled and sterilized by addition of a few milliliters of chloroform; this fraction was termed crude extract.
Solid (NH,)2SO, was slowly added to the crude extract to effect 33% saturation. After equilibration for 30 min, precipitated material was removed by centrifugation at 35,000 x g for 10 min and discarded. The supernatant fluid was slowly brought to 66% saturation with solid (NH,)2SO,, equilibrated for 30 min, and then subjected to centrifugation. The resulting supernatant solution was discarded, and the precipitate was dissolved in a minimal amount of 0.05 M Tris-chloride buffer, pH 7.8, and then dialyzed overnight against the same buffer. Dialysis at this stage generally resulted in precipitation of biologically inactive material which was removed by centrifugation. The remaining solution, termed 33 to 66% saturated (NH4),2SO fraction, contained about 40 mg of protein per ml. Up to 20 ml of this fraction was applied to a column (2.5 by 45 cm) containing DEAE-cellulose (DE52, Whatman). Under this condition, pesticin was only partially bound and was eluted at room temperature by further addition of 0.05 M Tris-chloride buffer, pH 7.8; the flow rate was 1.5 ml/min and fractions of 5 This procedure, summarized in Table 3 , produced a homogeneous protein after disc electrophoresis (Fig. 2) , or a single precipitin after double diffusion in agar (Fig. 3) . The products obtained during the various stages of purification were assayed with cells of the four indicator species, and the relative activities against the cell types remained constant throughout the process of purification ( (16) . The ratio of antibacterial activct (1), 33 to 66%o saturated (NH4)IS04 (2) , DEAE-ities remained constant throughout the process lulose; (NH4)2S04 dialysate (3), and calcium hy-of purification (Table 4) , indicating tlat pes-)xyapatite dialysate (4). The middle wells (A) con-ticin per se is inhibitory to cells of the four ri antiserum directed against whole yersiniae. species of indicator bacteria. Antibacterial None .500a 0 500a 250a 500b Ca2+ (0.1 M) ...... 500b 50a 250b 250a 500k Ca-EDTA (0.1%) 1,000k 50b 1,000k 250a 500" molecules other than pesticin were not detected during this process, indicating that pesticin alone accounts for the antibacterial activity of Pst+ yersiniae.
Most bacteriocins from gram-negative organisms exhibit a restricted specificity which seldom extends to isolates of more than two or three related species (24) . The apparent broad host range of pesticin attests more to the close taxonomic relationship between members of the genus Yersinia and E. coli (6) than to any unique property of the bacteriocin. Nevertheless, the indicator organisms varied widely with respect to sensitivity to pesticin (Table 4) and response in the presence of Fe3+ and EDTA (Table 5 ). Elgat and Ben-Gurion (15) were unable to detect absorption of pesticin to sensitive cells of Y. pseudotuberculosis. Similar results were obtained in this study with other indicator organisms; attempts to enhance absorption by addition of Ca2 , sodium-EDTA, or calcium-EDTA were not successful. These results indicate an unusually low binding constant of pesticin to its presumptive absorption site (25) .
The process whereby hemin and Fe3+ inhibit the activity of pesticin remains obscure. A combination of Fe3+ and a slowly diffusing polyanionic substance, produced by both Pst+ and Pst-yersiniae, is necessary for maximum inhibition (8 (12) . It is clear from these studies that sensitivity to pesticin is not absolutely dependent upon the ability to express paratose or the product of pgm. Further work with this system should provide insights into the relationship between these surface structures and the lethal effect of pesticin.
